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Abstract: Immersion gratings have high dispersion efficiency and have important application
value in miniaturized imaging spectrometers, but its serious dispersion nonlinearity causes
difficulties in calibration and image processing, which limits its application range. To solve
this, this paper presents a design method for a two-material linear dispersion immersion grating
device design method, and a compact small F-number immersion grating spectrometer based on
it. First the vector form dispersion equation of the two-material immersion grating is derived
and the linear spectral dispersion immersion grating design process is given, then a compact
small F-number uniform dispersion imaging spectrometer is given as a design example using the
proposed method. The results show that when the operating band of the system is 1590-1675 nm,
the spectral resolution is better than 0.25 nm, and F-number can achieve better than 2. Compared
with traditional single-material immersion grating imaging spectrometer, the designed imaging
spectrometer dispersion linearity is significantly improved. Finally, the influence of prism
materials, structure parameters and grating parameters on dispersion nonlinearity is analyzed.
Design and analysis results show that the proposed two-material immersion grating device has
much better spectral dispersion nonlinearity correction ability, and its design method can provide
reference to the compact spectrometer design based on immersion gratings.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Imaging spectrometer is a kind of instrument combining spectroscopy and imaging, which can
obtain two-dimensional image information of target in space and spectral dimension at the same
time. Since its rapid development in the 1980s, imaging spectroscopy has been widely used
in atmospheric, ocean and land observations [1–9]. With the development of computational
imaging technology, the requirement of imaging spectral system is further improved [10]. As
the core component of spectrometer, grating directly determines the spectral resolution of the
spectrometer. Immersion grating has higher spectral dispersion efficiency compared to common
gratings, thus it has important application potential in compact imaging spectrometers. However,
it also brings serious dispersion nonlinearity. increases the difficulty of spectral calibration and
correction, and brings great difficulties for subsequent image processing [11–13], which severely
limits its application field.
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To correct the spectral dispersion nonlinearity of the prism and grating devices, many scholars
have studied it in recent years. Fan et al. proposed to used Fery prisms to acquire uniformly
dispersed Dyson imaging spectrometer. By analyzing the dispersion characteristics of two prisms
of different materials, the achromatic prism group is selected, and the remaining aberrations
are corrected by the toroidal reflector and lens group. The designed imaging spectrometer
operates at 400-2500 nm, F-number is 3, spectral resolution is 10 nm, and has good dispersion
linearity [14]. Liu Bing et al. established a mathematical model of a symmetrical prismatic
combination splitter structure, analyzed the factors affecting its dispersion linearity, and finally
obtained a coaxial imaging spectrometer with a working band of 400-1000 nm that met the
requirements of linear dispersion, and its F-number was 5.55 [15]. Changsik Yoon et al. designed
a free-form surface to achieve very low dispersion nonlinearity. The imaging spectrograph model
was established for analysis The k nonlinearity is reduced from 2.47% to 2.79× 10−5% and
3.36× 10−9%, and the F-number of the system is greater than 6 [16]. In 1991, Vaarala et al.
combined two dispersive elements, prism and grating, to obtain the prism-grating-prims(PGP)
dispersion module, and developed the corresponding imaging spectrometer. Due to the different
dispersion characteristics of the prism and the grating, it has the ability to eliminate the the
spectral smile and the nonlinearity of dispersion to a certain extent. However, Vaarala et al. did
not derive this in detail, so as to obtain the best correction effect for the initial structure of PGP
module [17]. On this basis, Xuan Zhang et al. studied a direct view spectrometer using PPG
as the light dispersive element. Its operating band is 400-990 nm, spectral resolution is 1.5 nm,
and it has the characteristics of uniform dispersion. However, the system uses multiple planar
mirrors to realize the design of direct vision, which is relatively difficult to install and adjust, and
its F-number is greater than 6, the light collecting ability is weak, and the signal-to-noise ratio is
low [18].

High diffraction order immersion gratings can achieve high spectral resolution while greatly
reducing the volume and weight of the system. However, there is a lack of relevant literature
on the correction of its spectral dispersion nonlinearity. In addition, due to the need for higher
light-collecting capacity and signal-to-noise ratio of the instrument, the system needs to have a
smaller F-number. Light and miniaturization is also the focus of current research [19,20]. In
order to solve the above problems, based on the dispersion difference between different materials,
a design method of linear dispersion immersion grating, and a small F-number hyperspectral
imaging spectrometer using the proposed two material immersion grating as dispersion module
is proposed in this paper. By establishing the model of dispersion device, the initial structure
of the system is derived, and the structural parameters of the system are further optimized to
achieve high imaging quality and nonlinear dispersion correction. Finally the sensitivity of the
two material immersion grating device on the spectral dispersion linearity is discussed.

2. Theoretical analysis

2.1. Theory of traditional single material immersion grating

Figure 1 shows the schematic diagram of the traditional single-material immersion grating. Light
incident by air reaches the surface of the medium, and after refraction through the surface,
diffraction occurs at the grating surface, and the diffracted light refracts through the surface again.
In order to analyze the dispersion uniformity of the dispersion module, the dispersion expression
is derived, β is the vertex angle, n is the refractive index of the material.

According to the law of refraction:

n0sinia = nsini′a. (1)

According to the geometric relationship, the grating incidence angle is:

ib = β + i′a. (2)
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Fig. 1. Schematic diagram of single-material immersion grating.

According to the grating equation:

n(sinib + sini′b) = Nmλ. (3)

And:
ic = β − i′b. (4)

The final dispersion angle is:

i′c = arcsin
(︃

n
n0

sinic
)︃

. (5)

By differentiating the wavelength, the dispersion equation of the traditional immersed grating
can be obtained:

di′c
dλ
=

sinic
n0

dn
dλ +

n1
n0

cosic dic
dλ√︃

1 −

(︂
n1
n0

sinic
)︂2

. (6)

The dispersion equation represents the change of diffraction angle with wavelength. When the
dispersion equation is constant, it can be considered that the diffraction angle does not change
with wavelength, and the system has the characteristics of uniform dispersion. In the formula
dn/dλ can be obtained from Sellmeier’s empirical formula, and the coefficients of glass refractive
index for B1, B2, B3, C1, C2 and C3 can be obtained by searching the glass database.

dn
dλ
=

[︂
B1C1λ

(λ2−C1)
2 +

B2C2λ

(λ2−C2)
2 +

B3C3λ

(λ2−C3)
2

]︂
√︂

1 + B1λ2

λ2−C1
+

B2λ2

λ2−C2
+

B3λ2

λ2−C3

(7)

When the system is uniformly dispersed, i′c should satisfy the following formula, where A and
B are both real numbers.

i′c = Aλ + B (8)

From formula (7) we know that n contains λ2. In the dispersion module, the dispersion angle
i′c is not zero, and it can be seen from formula (1) to formula (5) that i′c cannot satisfy formula
(8). To sum up, it is difficult to achieve completely uniform dispersion theoretically when the
traditional immersion grating of a single material is used as the dispersion module. On this basis,
we discuss the immersion grating composed of two materials, derive its dispersion formula, and
verify its rationality. It will greatly improve the dispersion uniformity of the immersion grating
and reduce its influence on the subsequent data processing.
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2.2. Theory of double material immersion grating

Dispersion module is the core part of the spectrometer system, which has the function of dispersing
the beam. Based on the different dispersion characteristics of different materials, the two-material
immersion grating is used to correct the dispersion nonlinearity of the system. To establish the
vector dispersion equations related to beam angle, deflection angle between materials, deflection
angle of grating surface, grating parameters and materials. Through theoretical calculation, the
parameters satisfying the uniform dispersion condition and system index are found, and the initial
structure of the spectral module is finally determined by iterative algorithm.

As shown in Fig. 2, Figure (a) is the meridian section of the dispersion module, and Figure (b)
is the sagittal section of the dispersion module. The refractive index of air is n0, the refractive
index of the first material is n1, and the refractive index of the second material is n2. The
deflection angle of the interface between the two materials is α, and the deflection angle of the
grating surface is β. In order to analyze the dispersion uniformity of the spectrometer, it is
necessary to derive the dispersion expression of the immersed grating module. Let −→Pn be the unit
normal vector of the interface of each medium, and

−→
Rn be the unit vector of light in each medium.

(a)                                                          (b)                     

Fig. 2. Schematic diagram of two-material immersion grating.

2.2.1. Vector form of the refraction law

The known vector form of the refraction law [21], where n and n′ are the refractive indices of
the medium in which the incident light and the refracted light are located, respectively. P⃗ is the
unit normal vector of the interface. −→R0 is the unit vector of incident light,

−→
R′

0 is the unit vector of
refracted light.

n′
−→
R′

0 − P⃗(n′
−→
R′

0 · P⃗) = n
−→
R0 − P⃗(n

−→
R0 · P⃗) (9)

In order to facilitate subsequent derivation, it is reduced to an angle-dependent form. According
to the mathematical formula can be obtained:

−→
R′

0 · P⃗ = cosi′ (10)
−→R0 · P⃗ = cosi. (11)

Where i is the incidence angle and i′ is the refraction angle.
Finally, the vector form of the refraction law is:

n′
−→
R′

0 − n
−→
R0 = (n′cosi′ − ncosi)P⃗. (12)
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2.2.2. Vector form of diffracted light

When the incident light has off-axis angle in tangential and saggital orientations, the incident
light, diffracted light and the normal lines of the grating are no longer coplanar [22]. As shown
in Fig. 3, the coordinate system is established with the normal of the grating plane as the z-axis,
−→RG and

−→
R′

G are the unit vectors of incident light and diffracted light, respectively. Angle θ is
the angle between the diffracted light −→RG and the z-axis, and angle φ is the angle between the
projection vector of the diffracted light −→RG on the xy plane and the x-axis. Angle θ’ is the angle
between the diffracted light

−→
R′

G and the z-axis, and angle φ’ is the angle between the projection
vector of the diffracted light

−→
R′

G on the xy plane and the x-axis. The known vector form of grating
equation [23]:

nsinθ ′cosφ′ = sinθcosφ + Nmλ (13)

nsinθ ′sinφ′ = sinθcosφ. (14)

Fig. 3. Optical path diagram of grating surface.

The above equations can be solved to obtain the diffraction angle θ’ and the diffraction azimuth
angle φ’:

θ ′ = arcsin 1
n

√︂
sin2θsin2φ + (sinθcosφ + Nmλ)2 (15)

φ′ = arctan sinθcosϕ
sinθcosϕ+Nmλ

. (16)

Where N is the number of lines per millimeter of grating, m is the diffraction order, and λ is the
wavelength. According to the geometric relation, it can be deduced that the diffracted light

−→
R′

G
with the grating plane normal as the z-axis is:

−→
R′

G = (sinθ ′cosφ′, sinθ ′sinφ′, cosθ ′). (17)

2.2.3. Dispersion uniformity of optical systems

As shown in the Fig. 2, according to the basic geometric relationship, obtained:

−→R1 = (sinis1, sinit1, cosit1) (18)

−→P1 = (0, 0, 1). (19)

The incidence angle of surface 1 is:

i1 = arccos(
−→
R1 ·

−→
P1) . (20)
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According to the refraction law of light, the refraction angle of surface 1 is:

i′1 = arcsin
(︃
n0
n1

sini1
)︃

. (21)

According to the refraction law of vector form, it is obtained:

n1
−→R2 − n0

−→R1 = (n1cosi′1 − n0cosi1)
−→P1 (22)

and then:
−→R2 =

n0
−→
R1+(n1cosi′1−n0cosi1)

−→
P1

n1
. (23)

Given that the deflection angle of interface 1 is α, can be obtained:
−→
P2 = (0,−sinα, cosα) . (24)

The same can be obtained:
i2 = arccos(−→R2 ·

−→P2) (25)

i′2 = arcsin
(︃
n1
n2

sini2
)︃

(26)

−→
R3 =

n1
−→
R2+(n2cosi′2−n1cosi2)

−→
P2

n2
. (27)

Given that the deflection angle of the grating surface is β, can be obtained:
−→P3 = (0,−sinβ, cosβ) (28)

i3 = arccos(−→R3 ·
−→P3) . (29)

According to the grating equation in vector form, the diffraction angle of the grating surface is
obtained:

i′3 = arcsin 1
n2

√︂
sin2i3sin2φ + (sini3cosφ + Nmλ)2 . (30)

Since the grating has a deflection of β angle, and according to 2.2.2, we can get −→R4:

−→R4 = (sini′3cosi′3xy, sini′3sini′3xycosβ − cosi′3sinβ,

sini′3sini′3xysinβ + cosi′3cosβ)
. (31)

And then:
−→
R5 =

n2
−→R4+(n1cosi′4−n2cosi4)(−

−→P2)

n1
(32)

i5 = arccos[−→R5 · (−
−→P1)] . (33)

Finally, the overall dispersion angle of the two-material immersion grating module is obtained:

i′5 = arcsin
(︂

n1
n0

sini5
)︂

. (34)

The dispersion equation is obtained by differentiating it with respect to wavelength:

di′5
dλ =

sini5
n0

dn1
dλ +

n1
n0

cosi5
di5
dλ

1−
(︂

n1
n0

sini5
)︂2 . (35)

Where dni/ dλ can be obtained by Sellmeier’s empirical formula, and the central wavelength
incidence angle i1 is determined by the front lens group.
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From the above analysis, it can be seen that using the double-material immersion grating as the
dispersion element can theoretically achieve more uniform dispersion, and the dispersion module
parameter combination is not unique. Therefore, the grating parameters can be determined
according to the spectral resolution and other indicators, and the material can be selected initially,
and then the corresponding structural parameters can be calculated according to the dispersion
formula. Multiple sets of results are obtained repeatedly, unreasonable structures are eliminated,
and finally the dispersion module parameters are obtained.

2.3. Dispersion uniformity index evaluation

|Km − 1| was established as an evaluation index to evaluate the dispersion uniformity of the
system. In the formula, λa, λb and λc represent three wavelengths respectively, and they have
the relationship shown in formula (36). When the optical system is uniformly dispersed, the
dispersion length between wavelength λa and wavelength λb on the image plane should be equal
to the dispersion length between wavelength λb and wavelength λc. Therefore, the more uniform
the dispersion, the closer the value of |Km − 1| is to 0.

λa − λb = λb − λc (36)

Km − 1 = (Lλa − Lλb )/(Lλb − Lλc ) − 1 (37)
When the system dispersion is not uniform, the corresponding dispersion length of each band
may not increase or decrease uniformly. Therefore, the dispersive nonlinearity with different
characteristics may appear at long wave and short wave. To ensure that the system has uniform
dispersion everywhere, We divide the band evenly and equally into n segments, denoted by λi,
and i= 1,2,. . . n+ 1. Where λ1 represents the short wave at the edge, λn+1 represents the long
wave at the edge, and λ(n+2)/2 represents the central wavelength. Three groups of wavelengths
were selected and substituted into Eq. (37) to conduct a preliminary evaluation of the dispersion
uniformity at short wave, long wave and the whole band. The first set of wavelengths are λ1,
λ(n+2)/2 and λn+1, and |K1 − 1| is used to represent the evaluation index. The wavelengths of the
second group are λ1, λ2 and λ3, so that |K2 − 1| represents the evaluation index. The wavelengths
of the third group are λn−1, λn and λn+1, so that |K3 − 1| represents the evaluation index.

2.4. Dispersion module design process

In the design of the small F-number uniform dispersion immersed grating hyperspectral imager,
the structural parameters of the two-material immersed grating as the dispersion module are
mainly designed. Its design flow is shown in Fig. 4.

1. According to the system’s indicator requirements, the diffraction order m of the immersed
grating, the number of lines per millimeter of grating N and the two materials of the
immersed grating are initially selected.

2. According to the derived dispersion equation, combined with Sellmeier empirical formula.
Two deflection angles α and β satisfying the condition of uniform dispersion are obtained.

3. The above structure is substituted into the initial module of the immersed grating to verify
the rationality of the initial structure. Confirm the angle between the incident light and the
diffracted light to prevent excessive lens size in subsequent lens sets. At the same time, it
is necessary to pay attention to the value of deflection angle β, when the value is too large,
it will cause the submerged grating module size is too large. If the system does not meet
the requirements, return to Step (1) and start the calculation again.

4. |Km − 1| was used as the evaluation index to verify the dispersion uniformity of the whole
system. If the system counters do not meet the requirements, return to Step (1) and start
the calculation again.
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Fig. 4. Dispersion module design flow chart.

3. Design example

3.1. Optical layout

To demonstrate the performance of the proposed design method, we design an example of an
imaging spectrometer using a two-material immersion grating as the dispersion element. As
shown in Fig. 5. The whole is composed of the telescope system, the slit, the spectrometer
system. The beam is incident by the telescope and imaged at the slit. In order to further separate
the image plane from the slit, the outgoing light from the slit is deflected by a planar mirror.
Then the reflected light is collimated by the lens group, and the collimated beam reaches the
double-material immersion grating for dispersion. After the dispersion of the reflected light
through the lens group again to achieve focus imaging, and finally reach the detector image plane.

Fig. 5. Spectrometer system.

Immersion gratings can achieve high spectral resolution while greatly reducing the system
volume. The immersion grating composed of two different materials is used as the dispersion
element, and the dispersion nonlinearity of the system is corrected by the difference of the
dispersion characteristics between the materials. At the same time, the design of small F-number
has the advantages of enhancing the ability of light collection and improving the signal-to-noise
ratio of the system. The collimation and focusing imaging of the beam can be achieved by using
the lens group repeatedly, which can further reduce the volume of the system, and also facilitate
the correction of the system aberration, so as to achieve high quality imaging while meeting the
spectral resolution. In summary, the optical path design not only achieves uniform dispersion, but
also has the advantages of small F-number, high spectral resolution, compact structure and so on.
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3.2. System indexs

Optical system specifications are shown in Table 1. For the system, the autocollimation condition
limits the structural parameters of the dispersion module, and it is difficult to achieve an ideal
uniform dispersion. Therefore, if |Km − 1|<0.003, the system has good dispersion uniformity.
All evaluations were performed using the optical design software.

Table 1. Design index of imaging spectrometer

System Indexes Value

Spectral Range/nm 1590-1675

F-number 2

Spectral resolution/nm 0.25

|Km − 1 | < 0.003

MTF >0.8@25lp/mm

Detector’s pixel size/µm 10× 10

3.3. Dispersion module parameter determination

Solar spectral irradiance contains information that characterizes the physical, chemical, thermal
and dynamic characteristics of the solar atmosphere, and aerosol is one of the important influencing
factors [24,25]. The operating band of the imaging spectrometer system is 1590-1675 nm, and
the spectral resolution is 0.25 nm, which can effectively detect aerosols and trace gases in the
atmosphere. When evaluating the dispersion uniformity index, the working band is divided into 8
equal bands, that is, n= 9. In addition, F-number is chosen as 2 to achieve stronger light-gathering
ability and higher signal-to-noise ratio of the system.

For the immersed grating dispersion module, the grating diffraction order k= 4 and the grating
engraving line 301lp/mm are selected. Material 1 is HZF88 from Chengdu Guangming Glass
Library, and material 2 is SILICA, one of the commonly used materials for immersion grating.
After iterative optimization, it is determined that the deflection angle α between material 1 and
material 2 is 37.357°, and the deflection angle β of the grating surface is 25.998°.

3.4. Design example

The system band was set to 1590-1675 nm, the overall system variable ratio was 1, and the image
square F-number of the designed telescope was 2. The lens group structure has higher degrees of
freedom to achieve higher imaging quality. The partial collimation system of the spectrometer
and the focusing imaging system use the same set of lenses, which can avoid the phenomenon of
beam compression caused by the excessive diffraction angle of the grating. After the parameters
of the immersion grating module are inserted into the software, the imaging quality of the system
is improved by software optimization. And in order to reduce the cost, the system is designed
with spherical lens.

Design using optical design software. Design the telescope in image space is the telecentric
path. The spectrometer system in object space is the telecentric path. To facilitate the connection
between the two systems. After docking the two systems, on the basis of ensuring that the
independent imaging quality of the two systems meets the requirements of the index, the system
is comprehensively optimized and fine-tuned to further improve the imaging quality of the whole
system. Finally, the optical structure of the whole system is shown in Fig. 6. The spectral
resolution of the system is better than 0.25 nm when the working band is 1590-1675 nm, and
the F-number is 2. The volume of the system is less than 160× 120× 60mm3, which has the
characteristics of light miniaturization.
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Fig. 6. Short-wave infrared small F-number uniform dispersion two-material immersion
grating hyperspectral imaging spectrometer.

3.5. Evaluation indicator

3.5.1. MTF and spot diagram

MTF and spot diagram are one of the important indexes to evaluate the imaging quality of
imaging spectrometer. As shown in Figs. 7 and 8, MTF is better than 0.83 at a cutoff frequency
of 25lp/mm and an RMS radius of less than 7µm.
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Fig. 7. MTF image at different wavelengths.
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Fig. 8. RMS point diagrams at different wavelengths.
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3.5.2. Dispersion uniformity

Also, optical design software is used to design a traditional single-material immersed grating
imaging spectrometer with the same contents except the immersed grating material and deflection
angle, and the same high imaging quality, for dispersion nonlinear comparison. After the
wavelength of 1590-1675 nm is evenly divided into 8 segments, each wavelength length is
10.625 nm. List the corresponding dispersion lengths for each 10.625 nm. Every three adjacent
wavelengths are substituted into Eq. (37) to obtain the dispersion uniformity index |Km − 1|,
and the closer the value is to zero, the more uniform the dispersion is. As shown in Fig. 9,
the horizontal coordinate represents the wavelength, and the vertical coordinate represents the
|Km − 1|. The gentler the curve, the more uniform the dispersion. It can be seen that as a
dispersion module, the double-material immersed grating has better dispersion uniformity than
the conventional immersed grating imaging spectrometer. The index |Km − 1|<0.0018 used to
evaluate the dispersion linearity meets the requirement of less than 0.003.

K
m

-1

λ/nm

Double material immersion grating

Single material immersion grating

Fig. 9. Dispersion uniformity comparison diagram.

3.5.3. Spectral smile and keystone

As an important index to judge the imaging quality of the system, spectral smile and keystone
are also the validation of the system design method, and the design results should also be
checked. The spectral smile and keystone curves of the dual-material immersed grating imaging
spectrometer are shown in Fig. 10.
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Fig. 10. The line of spectral smile and keystone.
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As can be seen from Fig. 10, in the wavelength range of 1590-1675 nm, the spectral smile and
keystone of the system are less than 6µm, and both are less than 1/3 of the combined pixel size.
Data processing does not require correction.

The above optical design software simulation verifies the feasibility of the spectrometer design
method proposed in this paper. This design method can not only achieve linear dispersion and
compact structure, but also provide nanoscale spectral resolution. It also has low spectral line
bending and color distortion, which further reduces the difficulty of subsequent image processing.

4. Analysis of influence

In order to verify that the method discussed in this paper has certain universality and analyze the
influence factors of dispersion nonlinearity. This method is used to design a small F-number
hyperspectral imager with different indexes. The working band is 1050-1600 nm and the spectral
resolution is 1.2 nm. The design results show that the system |Km − 1|<0.0011 also has good
dispersion uniformity.

4.1. Material

Based on the above design, we keep the lens set parameters for collimation and focusing imaging
unchanged, replace the material for the immersion grating dispersion module, and evaluate its
dispersion nonlines with Km − 1, as shown in Table 2.

Table 2. Structure parameter list

Number Material 1 Material 2 α β K1 − 1 K2 − 1 K3 − 1

1 HZK1 HZK1 29.87° 8.26° 0.01115 -0.00138 0.00208

2 NLAF34 SF11 -30.00° 8.11° -0.00710 -0.00104 -0.00208

3 ZF6 HLAK10 15.04° 5.06° 0.00301 0.00047 0.00288

4 HZK1 HLAF51 29.87° 5.69° -0.00093 -0.00376 -0.00042

5 ZF6 SILICA 14.06° 3.98° -0.00101 -0.00029 -0.00019

6 SILICA ZF6 -10.93° 3.77° -0.00100 -0.00010 0.00065

According to the data analysis in Table 2, the greater the difference between the refractive index
of material 1 and that of material 2, the better the uniform dispersion ability. At the same time,
the deflection angle α between the two materials has a certain relationship with the refractive
index of the material. When the refractive index difference of the two materials is large, the
deflection angle α is smaller than that of the two materials with similar refractive index, and the
corresponding dispersion module size is smaller.

4.2. Structural parameter

Because of the different dispersion characteristics of different materials, it is impossible to simply
compare the trend of dispersion nonlinearity with the change of two deflection angles. Therefore,
the material is the same dispersion module, using the control variable method, to compare the
influence of two deflection angles on dispersion uniformity. In Fig. 11, the horizontal coordinate
is the deflection angle of the variable, and the vertical coordinate is the value of the dispersion
uniformity evaluation index Km − 1.

It can be seen that the deflection angle α between the two materials and the deflection angle β
of the grating surface have a great influence on the dispersion uniformity of the system. Among
them, the three curves corresponding to the deflection angle β are farther away from the zero
value of the ordinate, and the influence is relatively greater. The three curves corresponding to
the deflection angle α all pass the zero value of the ordinate. It can be seen that with the increase
of the deflection angle α, the dispersion is gradually uniform until it is adjusted to the limit that
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Fig. 11. Influence of deflection angle on dispersion.

the structure can reach. With the continuous increase of the deflection angle α, the dispersion
begins to be uneven in the opposite direction.

4.3. Grating: Diffraction order and linear density

Both the diffraction order and the linear density of the grating have a great influence on the
dispersion uniformity, and are inversely proportional to the dispersion uniformity. In other words,
the stronger the dispersion ability of the grating, the greater the dispersion nonlinearity. Through
the above two sections of analysis, it is possible to adjust the two materials first, by increasing the
refractive index difference between them, to leave enough room for subsequent angle adjustment.
Then, by adjusting the deflection angle, the maximum dispersion nonlinear correction is realized
on the basis of ensuring the reasonable structure.

5. Conclusions

The immersion grating with high diffraction order can greatly reduce the volume and weight of
the system while achieving high spectral resolution. However, immersion grating also brings
more serious dispersion nonlinearity, which will cause some difficulties in the subsequent image
processing and calibration. Therefore, we propose a design method of two material immersion
grating to correct the spetral dispersion nonlinearity, and a short-wave infrared small F-number
imaging spectrometer based on the proposed two-material immersion grating is designed. By
deducing the initial structure of the spectral module, combining with the subsequent optimization,
the obtained design can achieve better optical properties such as uniform dispersion, small
F-number and high spectral resolution.

This method is applied to the actual imaging spectrometer design. The whole system is
composed of telescope and spectrometer, which is designed via independent design and integrated
optimization process. The design results show that in the band of 1590-1675 nm, the spectral
resolution is better than 0.25 nm, the image square F-number is 2, |Km − 1|<0.0018, much less
than 0.003, and the dispersion uniformity is good. Spectral smile and keystone are less than 6µm,
less than 1/3 of the combined pixel size. MTF is better than 0.83 when the cutoff frequency is
25lp/mm, the RMS radius is less than 7µm, and the image quality meets the requirements. The
collimation system and the imaging system are the same set of lenses, which is easy to process
and adjust, and further achieve a compact structure. The short-wave infrared small F-number
imaging spectrometer based on two-material immersion grating as dispersion module can meet
the practical application requirements. This paper can provide a certain degree of reference for
researchers in related fields.
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